ABSTRACT: Three particular geometrical shapes, parallelepiped, cylindrical and spherical, were selected from potatoes (aspect ratio = 1:1, 2:1, 3:1), cut beans (length:diameter = 1:1, 2:1, 3:1) and peas respectively. The density variation of food particulates was studied in a batch fluidised bed dryer connected to a heat pump dehumidifier system. Apparent density and bulk density were evaluated with non-dimensional moisture at three different drying temperatures of 30, 40 and 50 o C. Relative humidity of hot air was kept at 15% in all drying temperatures. Several empirical relationships were developed for the determination of changes in densities with the moisture content. Simple mathematical models were obtained to relate apparent density and bulk density with moisture content.
Introduction
Drying is a major food processing operation in the food industry, which consumes large amounts of energy. It is a very complex process and involves mass and heat transfer processes simultaneously. The quality of food materials during drying depends not only on the initial quality of the raw materials, but also on the processing conditions during drying (Karel, 1991) . The fluidized bed drying has been recognized as a gentle and uniform drying with a high degree of efficiency . This is a very convenient method for heat-sensitive food materials as it is relatively fast, and thermal damages can be reduced (Gibert et al., 1980, Giner and Calvelo, 1987) .
In the process of drying, several physical and structural changes are occurring simultaneously. Most of the natural food particulates for human/animal consumption are available as high moisture materials, and drying could be used to reduce the moisture content in order to avoid the microbial growth (Fusco et al., 1991) . Natural food particles are available in different irregular shapes and sizes. During drying, shape and size of the products change appreciably, influencing their particle properties inside the drying equipment (Ratti, 1994 ).
Bulk density and particle density are important physical properties in food materials, which influence final texture, quality and transport properties of the dry foods. Bulk density and particle density are the main parameters in designing equipment for the food particulates. Bulk density and porosity are related to flow resistance through beds, food storage and packaging of the products (Madamba et al., 1994) . Particle density is important in heat transfer of the material. Density models are empirical relations based on experimental observations: however, theoretical models are based on mass and volume (Rahman and Driscoll, 1994) .
The effect of drying methods on bulk density and particle density of banana, apple, carrot and potato were studied and simple mathematical models were correlated with moisture (Krokida and Maroulis, 1997) . Density models were developed for garlic (Madamba et al., 1994) and for apple, carrot and potato cubes (Zogzas et al., 1994) . Density models were developed for squid flesh during air drying (Rahman and Potluri, 1990) . The effect of drying condition was assessed and models were developed for peas during air drying (Medeiros and Sereno, 1994) . Change in structure, density and porosity of potato during drying have also been studied (Wang and Brennan, 1995) .
The objective of this study was to investigate the change of density for different shaped food materials with varying dimensional moisture ratios and to relate these changes to moisture content using suitable models. Fluidized bed drying experiments were undertaken for an initial bed height of 150 mm in a flexi-glass laboratory batch fluid bed unit connected to a heat pump system.
Materials and Methods

Material Preparation
Fresh green beans Phaseolus vulgaris of Labrador variety were used for producing cylindrical particles. Beans were purchased from the same supplier to maximize reproducibility of the experimental results. When selecting the size of beans, care was taken to obtain batches of consistent diameter of 10 + 1 mm. Size was measured using vernier callipers with an accuracy of 0.05 mm. Both ends of the beans were removed and only the middle portions, which resemble a cylindrical shape, were used to produce the required samples. Samples were prepared in three lengths to diameter ratios of 1:1, 2:1 and 3:1, respectively. After preparation, beans were kept in a plastic container in a cold room at 4 0 C for more than 24 hours in order to make uniform moisture distribution.
Potatoes, Solanum tuberosum, of the variety Sebago were purchased from the same supplier in 50 kg bags. Before sample preparation, potatoes were washed and brushed to remove skin and mud. First, large cuboid shapes were cut from the whole potatoes, removing the outer portions near the skin. Subsequently, those cubes were cut carefully using a sharp knife to produce parallelepipeds with a square cross-section and sides 6.5 mm wide. Those slices were then pushed through a stainless steel square cutter to make parallelepipeds in a dicing machine (Hobart, Australia), by incorporating a cutter which makes 6.5mm X 6.5mm square cross-section. In the case of aspect ratio of 1:1, the potato cubes were pushed through the same cutter and axial length was controlled to a length of 6.5 mm by a cutting blade. According to the required aspect ratios of 3:1, 2:1 and 1:1, the particles were cut carefully to lengths of 19.5, 13 and 6.5 mm, respectively. Immediately after cutting, all the samples were immersed in a sodium metabisulphite solution (0.1 % w/w) for 15 minutes to prevent browning during drying. The samples were drained on a mesh tray. Then samples were placed in a plastic bag and kept in a cold room for 24 hours at 4 o C in order to produce uniform moisture distribution within the sample.
For the spherical model, fresh green peas, Pisum sativum of Bounty variety, were purchased from the same supplier in 10 kg boxes in their pods. They were shelled by hand and graded using a wire mesh. Those with average diameter 10 + 1 mm were selected and stored in a cold room for 24 hours at 4 o C in order to produce uniform moisture distribution.
Experimental Design
Three batches were prepared at once and used for three drying temperatures. Two replicate batches were prepared for cut beans (3 L:D ratios) and diced potato (3 aspect ratios). Three replicate batches were prepared for peas. For beans and potato, a split unit design -with two replications corresponding to processing time, with three sizes per block and three drying temperatures for each size -was used. For peas, a randomized complete block design with three replications for each temperature was used.
For each particulate size, one batch stored in the cold room was taken for fluidised bed drying experimentation. The fluidised bed dryer was connected to a heat pump dehumidifier system (Figure 1) . A schematic diagram of the connection arrangement is shown in Figure 2 . The drying conditions of 30, 40 and 50 o C were set by the temperature controller in the heat pump dehumidifier system, and the drying setup was run for 2 hours to achieve steady state conditions of drying before material introduction. The relative humidity during drying was maintained at 15 %. Initial bed height of 150 mm was used for all materials to ensure enough material was available for sample collection and subsequent drying during the entire drying period. The hot air velocity passing through the material bed was kept constant at 2.2 m/s for all drying experiments. This velocity was selected because it was within the limit of fluidisation and terminal velocity of all 
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three materials and within the capability of the fan. The air-flow entering the dryer was controlled by flow control valves. Samples were collected from the dryer at 30 minute intervals through the sample outlet. Each time they were collected in a sealable container and immediately used for moisture determination and volume measurements.
The volume of the particles was measured by the liquid displacement method using liquid paraffin (SG = 0.8787 at 30 o C) as the medium. A measuring cylinder of 22 mm inside diameter and 50 ml capacity was used for liquid displacement (Zogsas, 1994) . Paraffin was employed as it does not interact with the constituents of the sample and it has a low enough density to ensure complete submergence of the particles. For one measurement, a known number of particles were immersed in paraffin. The number of particles for volume determination was increased progressively as drying progressed in order to maintain an approximately constant volume for each sample. Volume was measured by the difference of meniscus levels before and after immersion, using vernier calipers (accuracy 0.05 mm). Considering the high viscosity of paraffin, care was taken to avoid formation of air bubbles and adherence of liquid to the glass walls of the cylinder above the liquid meniscus by gently dipping the samples into the liquid. An average of three readings was recorded from three replicate samples. All the measurements were taken within a minute to avoid any possibility of absorption of paraffin into the product.
The vacuum oven was used to measure the moisture content of the particles according to the AOAC method 934.06 (1995) . Weighing dishes made of aluminium, 60-80 mm diameter and 25 mm deep with easily removable lids were pre-washed, dried and kept in a desiccator with silica gel for two days prior to experimentation. Duplicated samples of 5-10 g in mass weighed by an electronic balance (Sartorius, + 0.001g) were thoroughly homogenised and put into tared weighing dishes from the desiccator, and placed inside a vacuum oven. The metal dishes containing the samples were in direct contact with the metal shelf of the oven. Moisture content was determined by measuring the loss in weight of finely chopped samples held at 70 o C and 13.3 kPa vacuum for more than 24 hours. Samples were transferred from the vacuum oven to a dessicator for cooling. The cooled, samples were weighed as quickly as possible to an accuracy of 0.1 mg.
Analysis of Experimental Data
The data were analysed by ANOVA to evaluate significant differences and both linear regression and non-linear regression to obtain suitable models. Statistical Analysis System software (SAS, 1985) was used. The experimental data on shrinkage and drying were analysed for significance (ANOVA) using the SAS routine GLM (general linear models), and the model parameters were estimated using SAS least squares routine (GLM for linear models and NLIN for non-linear models). The curve which best fitted the data was taken as the model. Model validity was tested using the coefficient of regression (R 2 ) and Mean Absolute Error Percentage (MAE%). 
Results and Discussion
Particle Density (apparent) The model was fitted using a non linear procedure NLIN (SAS, 1985) similar to Lozano et al. (1994) :
where, is particle density (kg / m3), MR is moisture ratio (db), a, b, c, d are the constants. The estimated parameters are given in Table 1 .
Cylindrical Food Particulate -Green Bean
The particle density term used in this paper is defined as the density of the particle including externally connected pores. The green beans in general demonstrated an increased particle density with decreased moisture content, except in the case of L:D ratio of 3:1 particle density decreased at low moisture levels. Particle density of the initial fresh material ranged from 943 kg Lozano et al. (1983) for vegetables and fruits. Moisture ratio was selected instead of moisture to avoid effects due to the natural variation in initial moisture content. Figure 3 shows particle density variation of beans at 30 o C. These parameters were tested for their statistical significance. It was found that only the b value was significantly different (p <0.05) for different drying temperatures for each size. The value b represents the rate of change of particle density in the linear region, and it is dependent on the temperature. The constant c of the exponential part of the equation appears to have a decreasing trend, decreasing as the L: D ratio increases (Table 1) . This indicates that towards the end of drying, the L: D ratio affects the particulate density. As the L: D ratio increased the value of c decreased from positive to negative. A positive c means an increase in particle density and negative c means a decrease in particle density. It can therefore be concluded that c is a measure of internal porosity or internal collapse. The parameter d is a measure of rate change of density in the 
Parallelepiped Food Particulate -Potato
Particle density variation of potato during fluidised bed drying was correlated to a non-linear model with a moisture ratio similar to the model suggested by Lozano et al. (1983) for vegetables and fruits. The particle density of potato increases with decreasing moisture content. However, once the product neared its final fixed volume and shape, the reduced shrinkage resulted in increased particle density.
The particle density behaviour of potatoes with respect to moisture removal was similar to the particle density behaviour of beans. Similar behaviour was observed for all aspect ratios at all temperatures. Materials with aspect ratio 1:1 always tended to have a higher particle density than materials at other aspect ratios. It appeared that aspect ratio 2:1 showed lower particle density behaviour at 30 
Spherical Food Particulate -Green Peas
Particle density variation of peas during fluidized bed drying is shown in Fig 4 for different drying temperatures. The particle density of peas increased with decreasing moisture content until moisture was 0.15 kg/kg db and the rate of increase decreased with the drying temperature in the linear region. Below this moisture value, there was a higher rate of increase of particle density at higher temperatures, so that all treatments resulted in similar final particle density. At lower moisture values, even though the structure may be tougher due to removal of moisture, it was not enough to compensate for the effect of increased internal void (porosity) and increase in temperature of the product. This resulted in collapse of the structure. This behaviour was similar to the behaviour studied for various other fruits and vegetables by Lozano et al. (1983) . A similar model characterising the change in particle density with change in moisture during drying for peas, was fitted by Medeiros and Sereno (1994) . These results are similar to the earllier published reports. The parameters of the model equation given in Table 1 were tested for their significance. It was found that the b and c values are significantly different (p < 0.05) with temperature for each size. The value b represents the rate of change of particle density in the linear region.
Bulk Density
The variation of bulk density of the bed of particulates at different drying temperatures and L: D ratios were correlated to moisture, using a polynomial quadratic equation of the form: surface. This contributed to the increase in bulk density as the particles could more easily pack together. However, further drying resulted in a wrinkled surface, and twisting and deformation of the shape, increasing the interparticulate airspace. This reduced the density of the bulk material. None of the parameters given in Table 2 were significantly different (p < 0.05) with temperature or size.
Parallelepiped Food Particulate -Potato
The variation of bulk density of different aspect ratios at different temperatures were correlated to moisture using a polynomial quadratic equation as in the case of beans ( Table 2) . None of the parameters are significantly different (p > 0.05) with the temperature. The values of A and C are significantly different (p < 0.05) with the aspect ratio. The where, A, B, C are constants, MR is moisture ratio (kg/kg db), ρb is bulk density (kg/m3). The estimated parameters of the model are presented in Table 2 . The General Linear Modelling (GLM) regression procedure (SAS, 1985) was used to estimate the parameters in Table 2 for all the materials.
Cylindrical Food Particulate -Green Bean
The bulk density of the fresh beans for all L: D ratios at all temperatures reached a maximum early in the drying period, and then dropped as the material dried further ( Figure 5 ). The bulk density of dried material during the later stages of drying was much lower than that of the fresh material. During the early stages of drying, there was uniform shrinkage without any irregularities on the 30 0 C Density variation of different shaped food particulates in fluid bed drying: empirical models bulk density variation of the fresh potato with the moisture removal for all aspect ratios at all temperatures showed a similar trend to that of beans. Figure 6 shows the bulk density variation of peas during fluidised bed drying at different temperatures. The experimental data for bulk density were correlated with moisture ratio with quadratic equations for different temperatures and are presented in Table 2 . The bulk density of peas increased to a maximum and again reduced as drying proceeded. The correlation coefficients of the equations in Table 2 were poor. However, MAE% indicated that they are sufficient to characterise the trend in change in bulk density with respect to moisture removal. A similar trend was observed for green beans with length: diameter ratio 1:1 during drying. Drying peas at 50 o C resulted in a less dense product. The reduced shrinkage of peas dried at 50 o C would have been a major factor in this effect.
Spherical Food Particulate -Green Peas
Generalized Models
Particle density
The generalized form of Particle Density variation of all three materials (beans, potato and peas) showed very poor correlation coefficients among size and temperature.
Bulk density
As none of the parameters given in Table 2 were significantly different (p<0.05) with temperature and size for beans, for generalization purposes, a single quadratic equation for the bulk density can be assumed. The general linear modeling (GLM) in SAS was used to obtain the generalised equation. The generalized equation can be written as:
For generalisation purposes, it was assumed that A and C parameters are linearly correlated with aspect ratio. A quadratic equation for the bulk density could be written including aspect ratio. The generalised equation can be written as:
The generalized form for the bulk density variation among temperatures of peas was evaluated. However, it also has a very poor correlation coefficient.
Conclusion
In this study a correlation between apparent density and bulk density with moisture content was observed. For beans, particle density tended to increase for the whole range except for L: D = 3:1 at all temperatures. For L: D = 1:1 and 2:1. Some form of collapse may have contributed for the increased in particle density at low moisture values. Beans with L: D = 3:1 showed a decreased particle density due to increased internal porosity at low moisture contents. Potato particle density reached a maximum value and decreased at low moisture for all aspect ratios. In the case of peas at all temperatures, particle density was increased with the decreased moisture content until moisture was 0.15 kg/kg db. Below this moisture content it was observed that the rate of increase of particle density of peas was higher at higher drying temperatures. Bulk density variation of beans, peas and potato with moisture ratio was correlated to similar quadratic models. The models could be further improved by considering material particle (solid) density to investigate effects of temperature and particle shapes on porosity development during drying. 
